The paper presents the results of the application of MOCVD growth technique for formation of the GaAs/AlAs laser structures with InGaAs quantum wells on Si substrates with a relaxed Ge buffer. The fabricated laser diodes were of micro-striped type designed for the operation under the electrical pumping. Influence of the Si substrate offcut from the [001] direction, thickness of a Ge buffer and insertion of the AlAs/GaAs superlattice between Ge and GaAs on the structural and optical properties of fabricated samples was studied. The measured threshold current densities at room temperatures were 5.5 kA/cm 2 and 20 kA/cm 2 for lasers operating at 0.99 µm and 1.11 µm respectively. In order to obtain the stimulated emission at wavelengths longer than 1.1 µm, the InGaAs quantum well laser structures with high In content and GaAsP strain-compensating layers were grown both on Ge/Si and GaAs substrates. Structures grown on GaAs exhibited stimulated emission under optical pumping at the wavelengths of up to 1.24 µm at 300 K while those grown on Ge/Si substrates emitted at shorter wavelengths of up to 1.1 µm and only at 77 K. The main reasons for such performance worsening and also some approaches to overcome them are discussed. The obtained results have shown that monolithic integration of direct-gap A 3 B 5 compounds on Si using MOCVD technology is rather promising approach for obtaining the Si-compatible on-chip effective light source.
Introduction
A perspective route for further progress of modern microelectronics relies on the development of the optical interconnects both between the on-chip elements and chip-to-chip links. The advantages of optical links in comparison with the metallic ones are greater speed and smaller energy losses during signal transmission. At the end of 2015, the first microprocessor was demonstrated, in which the optical connections between processor and memory chips were realized [1] . The microprocessor was manufactured using standard CMOS technology on silicon-on-insulator substrates and contained optical receivers and electro-optical transmitters (modulators). An external laser with a wavelength of 1.18 µm was used as the light source. Obviously, the on-chip laser source is of high demand for such a processor. Since silicon emits light inefficiently, one of the solutions is usage of direct gap A 3 B 5 semiconductors grown on silicon to create the on-chip laser. To date, a number of laser diodes based on A 3 B 5 semiconductors grown on Si substrates with several degrees offcut from [001] direction (which are often called "offcut Si(001) substrates" and are needed to eliminate the antiphase boundaries (APB)) have been fabricated [2, 3] . At the same time, existing silicon manufacturing technology is developed for the exactly oriented Si (001) substrates with an offcut angle not exceeding 0.5 • [4] . Recently, some papers reporting about the formation of laser diodes grown on the exact Si substrates have been also appeared [5, 6] .
It should be noted that successful implementation of the A 3 B 5 lasers in silicon optical interconnections requires the emission wavelength to fall within the transparency region of bulk silicon (λ > 1.1 µm at room temperature). To shift the operation wavelength of InGaAs/GaAs quantum well (QW) lasers in this spectral range it is necessary either to increase the In fraction in a QW or to increase a QW thickness. However, in both cases, the compressive strains in the QW arise which could lead to the dislocation formation at the InGaAs/GaAs heterointerface. The latter will cause the appearance of the non-radiative recombination centers in the active region resulting in the sharp degradation of the laser performance. The well-known approach which allows to increase the energy of dislocation formation and hence to suppress their nucleation is the insertion of thin layers of GaAsP near the QW [7, 8] . Due to the fact that lattice constant of GaAsP is smaller than that of GaAs, GaAsP layers create the tensile strains in a structure and so partially compensate the compressive strains in the QW. This makes it possible to obtain the defect-free QWs with a larger fraction of In and so to achieve a longer-wavelength emission as compared with the "classical" InGaAs/GaAs QWs.
In this paper, we present the results of optimization of the initial stages of growth of A 3 B 5 structures on Ge relaxed buffers grown on Si(001) substrates which were both exact and 4 degrees offcut toward the [011] direction. The influence of Ge layer thickness on the crystalline and optical quality of the A 3 B 5 structures grown on top of it was studied. The opportunities to achieve the high In content QWs in the lasers active area which emit light at wavelengths longer than 1.1 µm with the help of strain-compensating GaAsP layers were investigated.
Growth of Ge Buffer Layer on Si Substrates
The exact (miscut from (001) is less than 0.5 • ) and 4 • offcut to [011] axis Ge/Si(001) virtual substrates were grown by solid source molecular beam epitaxy (MBE) using the Riber SIVA-21 machine using the so-called "two-step" growth strategy [9] [10] [11] . The growth temperature was controlled with a calibrated thermocouple [12] and a specialized infrared pyrometer IMPAC IS 12. Deposition of Si and Ge was carried out by electron-beam evaporation. The sample surface was monitored in situ by the reflection high-energy electron diffraction (RHEED). The surface morphology of grown samples was studied ex situ by atomic force microscopy (AFM) using the NTEGRA Prima microscope. The crystalline quality of fabricated samples was studied by X-ray diffraction (XRD) using the Bruker D8 Discover diffractometer, transmission electron microscopy (TEM) using the JEOL JEM-2100F microscope, and also with the help of defect etching technique [13] .
The essence of the two-stage growth method is as follows. At the first stage, a relatively thin (~50 nm) Ge layer is deposited at a low temperature (275 • C) to exclude the strain relaxation via three-dimensional islands formation. In this case, relaxation occurs via formation of a large number of misfit dislocations. At this stage a relatively smooth layer with a high density of threading dislocations (more than 10 10 cm −2 ) is formed [9, 10] . At the second stage, the growth temperature is raised to 600 • C, and the main part of the Ge layer grows at this temperature, which contributes to the improvement of crystalline quality. In this work, the Ge buffer thicknesses were 0.3 µm, 0.5 µm and 1 µm. To reduce the density of threading dislocations the cyclic annealing was used after the Ge buffer growth. For structures with the Ge layer thickness of 1 µm and 0.5 µm (# 1, 3, 4 in Table 1 ) the annealing procedure included 5 cycles between T 1 = 850 • C and T 2 = 550 • C with 2 min exposure at each temperature. For structures with the Ge layer thickness of 0.3 µm (# 2 in Table 1 ), the annealing was shortened in order to reduce the Si diffusion from the substrate into the Ge film: Three cycles between the same T 1 and T 2 with 1 min exposure at each temperature.
Parameters of the fabricated Ge/Si(001) buffers of different thicknesses are given in Table 1 . It can be seen from the table that decrease of the Ge buffer thickness from 1 to 0.3 µm increases the density of threading dislocations by almost an order of magnitude according to the defect etching measurements. The latter agrees well with the results, obtained in [11] for similar annealing parameters. At the same time, the root-mean-square (RMS) roughness of the Ge buffer increased very slightly (from 1 to 1.3 nm), which may be caused by the smaller total aging time at elevated temperatures during cyclic annealing. It should be noted that the noticeably increased width of the rocking curve with the decrease of the Ge buffer thickness cannot indicate the strong of its crystalline quality unambiguously. This is due to the fact that when the thickness of the Ge layer is reduced, the Si/Ge intermixing caused by annealing becomes the important factor contributing to the increase of the rocking curve width along with the defects of crystalline structure. The rocking curves of thick GaAs layers grown on Ge buffers of different thicknesses were close to each other-0.07 • for the 1 µm thick Ge buffer and 0.08 • for the 0.3 µm thick buffer-which can be considered as a confirmation of the incorrectness of direct comparison of the rocking curves widths in our case. Comparison of the threading dislocation densities did not reveal any significant differences between the samples grown on the offcut (# 4 in Table 1 ) and exact Si(001) substrates.
The growth of laser heterostructures on the obtained "virtual" Ge/Si substrates was carried out in a MOCVD AIX 200RF reactor at low pressure (100 mbar). High-purity trimethylgallium (TMGa), trimethylindium (TMIn), trimethylaluminum (TMAl), arsine (AsH 3 ) and phosphine (PH 3 ) were used as source materials. The 1% solution of silane (SiH 4 ) in high-purity hydrogen was used for donor doping while carbon tetrachloride (CCl 4 ) was used for acceptor doping. The Ge/Si virtual substrates were boiled in organic solvents (toluene, isopropyl alcohol and acetone) and further treated in diluted HF acid and rinsed in de-ionized water prior to loading into the reactor. Before the start of growth, a 5-min annealing of the Ge/Si substrate was carried out in H 2 and AsH 3 flow at 670 • C. 
Growth of the A 3 B 5 Nucleation Layer
At first we varied the growth regimes of the A 3 B 5 nucleation layer. For the sample A grown on a "virtual" substrate # 1, the 100 nm thick GaAs nucleation layer was grown at 450 • C. Then, the growth temperature was raised to 620 • C, at which a 0.5-µm thick GaAs buffer layer was grown. After that formation of the laser structure including 1 µm thick Al 0.3 Ga 0.7 As cladding layers and a GaAs waveguide (0.8 µm thick) with three 10 nm thick InGaAs QWs (indium content is 0.18) inside was carried out. For the sample B, which was also grown on the "virtual" substrate # 1, the nucleation layer consisted of the alternating layers of AlAs (10 nm)/GaAs (50 nm)/AlAs (10 nm) grown at a high temperature (670 • C) at 0.33 nm/s. The V/III ratio was close to 30 during growth of these layers. All subsequent layers were grown similarly to the sample A. Thin AlAs layer at the GaAs/Ge interface reduces the mutual diffusion of atoms due to the high Al-As binding energy as was demonstrated in [14] and so prevents Ge penetration into the GaAs.
Optical properties of the grown structures were studied using the PL spectroscopy. A cw laser diode with λ = 0.8 µm was used for the excitation and the power density was~5 W/cm 2 for cw pumping. The stimulated emission was excited by the parametric oscillator Spectra-Physics MOPO-SL (emission wavelength 0.8 µm, pulse duration 5 ns, repetition rate 10 Hz). To record the PL signal, an Acton 2300i lattice monochromator and a multichannel photodetector based on the InGaAs photodiode array (spectral range 0.6-2.2 µm) were used. All measurements were carried out at room temperature.
TEM studies have shown that in the sample A, in which the GaAs layer was grown directly on Ge buffer, the defects formed at the GaAs/Ge heterointerface ( Figure 1a ) have propagated through the entire structure up to the surface. At the same time, in the sample B, in which the growth of the A 3 B 5 part of the structure began from the AlAs/GaAs/AlAs lattice, most of the defects have been trapped between the layers of AlAs and did not pass further (Figure 1b) . As a result, subsequent layers and the active region with InGaAs/GaAs QWs contain much lower concentration of structural defects (Figure 1c) . Moreover, according to the AFM data, the surface roughness of the GaAs layer grown with the AlAs inserts on such a Ge/Si virtual substrate is nearly 2 times lower than in the case of growth of the same structure but without the AlAs inserts.
Due to the nominally zero offcut of the Si(001) substrate, the AFM studies have revealed the formation of the APBs during growth of the A 3 B 5 compounds (Figure 1d) ). The V-groove shaped features seen as dark lines in the AFM image (marked by black arrows in Figure 1d ) correspond to the APBs as was shown in [15] and [16] . The APB density (in µm −1 ) has been estimated as the total length of the APBs on a specified section of the sample surface to the area of this section. The APB density has been found to be about 0.6 µm −1 after the deposition of the GaAs buffer layer (AFM image in Figure 1d ), i.e., before the growth of the active region of the structure. After the formation of the whole structure, the APB density has even decreased to the value of nearly 0.3 µm −1 . These values of the APB density are significantly smaller than the typical ones obtained during growth of polar materials on the exactly oriented non-polar Si(001) substrates [16, 17] . We believe that the influence of the APBs is not the main critical factor affecting the optical properties of the grown A 3 B 5 /Ge/Si(001) structure. In particular, it was shown recently that the APB density of 3.7 µm −1 leads to nearly 2.5 times decrease of the photoluminescence signal in GaAs/Si(001) layers compared to control structures without APBs [16] . Due to the fact that in our sample the APB density is nearly 6 times smaller it is supposed that the APBs are, at least, not the major factor influencing the radiative recombination of charge carriers in the grown structure. Figure 2 shows the PL spectra of samples A and B under cw pumping. It can be seen from the figure that the width of the PL peaks for both structures is quite large, which is a sign of the strong QW nonuniformity. Comparison of the PL spectra of samples A and B indicates that introduction of the AlAs layers at the GaAs/Ge interface allows to increase the PL intensity from QWs noticeably. Insertion of these AlAs layers also affects the threshold power density (see Figure 3) . The threshold power densities were 45 kW/cm 2 [18] and 75 kW/cm 2 [19] for the samples B and A, respectively. The structure C which was grown similarly to the structure B (with the only one difference in the additional doping of the Al 0.3 Ga 0.7 As cladding layers provided in order to create a p-n junction), was used to fabricate the microstrip [20] and microdisk [21] laser diodes. At room temperature, diodes emitted at 0.99 µm (Figure 4 ) with a threshold current density of 5.5 kA/cm 2 (pulse duration of 1 µs and repetition rate of 400 Hz) for a 2.7 mm long and 20 µm microstrip laser and 28 kA/cm 2 (pulse duration of 0.5 µs and repetition rate of 150 Hz) for the 27 µm diameter microdisk laser. Increase of the threshold current density in the case of a microdisk laser is associated with the increase of the nonradiative recombination rate at the microdisk sidewalls due to the absence of any passivation. The emission spectrum at room temperature of a microstrip laser made from the structure C at a current of 2 A (current density of 3.7 kA/cm 2 ) (1) and a current of 14 A (current density of 26 kA/cm 2 ) (2). The inset shows the power-current characteristic of this microstrip laser.
Growth of A3B5 Laser Structures on Ge/Si Substrates with Various Ge Layer Thicknesses
As was shown in the previous section, the use of the AlAs(10 nm)/GaAs(50 nm)/AlAs(10 nm) nucleation layer allows to significantly improve the structural and optical quality of the A3B5 laser structures fabricated on a Ge/Si "virtual" substrate. Therefore, all the structures described below were grown using this type of nucleation layer. In this section, the influence of the Ge layer thickness on the crystalline and optical quality of the A3B5 structures is described. In order to do this The emission spectrum at room temperature of a microstrip laser made from the structure C at a current of 2 A (current density of 3.7 kA/cm 2 ) (1) and a current of 14 A (current density of 26 kA/cm 2 ) (2). The inset shows the power-current characteristic of this microstrip laser.
Growth of A 3 B 5 Laser Structures on Ge/Si Substrates with Various Ge Layer Thicknesses
As was shown in the previous section, the use of the AlAs(10 nm)/GaAs(50 nm)/AlAs(10 nm) nucleation layer allows to significantly improve the structural and optical quality of the A 3 B 5 laser structures fabricated on a Ge/Si "virtual" substrate. Therefore, all the structures described below were grown using this type of nucleation layer. In this section, the influence of the Ge layer thickness on the crystalline and optical quality of the A 3 B 5 structures is described. In order to do this the samples D (using the substrate # 1) and E (using the substrate # 2) were simultaneously grown in the reactor. These samples differed from the sample B by the active region-only one InGaAs QW with high in content of 0.4 and the thickness of 5 nm was grown at 600 • C. Such a heavily strained InGaAs QW had the thickness close to the critical one for pseudomorphic growth.
An increase of the In fraction in the QW from 0.18 to 0.4 made it possible to obtain a PL signal with a sufficiently high intensity at a wavelengths longer than 1.1 µm (Figure 5 ). This indicates the possibility of creating a hybrid A 3 B 5 QW-based laser on the exact Ge/Si substrate operating in the Si transparency window. Figure 5 shows the spectra of the stimulated emission of laser structures D and E, differing only by the thickness of Ge buffer layer under the optical excitation. Note that although samples D and E were grown in the same growth cycle, the stimulated emission wavelength of the sample with "thin" Ge layer was 1.123 µm while it was 1.11 µm for the sample with "thick" Ge layer. In spite of rather small difference between the PL intensities of the samples D and E, a significant (by a factor of 6) difference in the threshold power density was observed (see Figure 6 ). Indeed, the threshold power densities were 10 and 60 kW/cm 2 for the samples D and E, respectively [22] .
Increase of the threshold power density with the decrease of the Ge layer thickness can be explained by the increase of the defect density in the active region, which enhances the nonradiative recombination rate. Probably the higher defect density in the sample E results in higher QW thickness inhomogeneity leading to the observed red shift of the emission as compared to the sample D.
The structure F created on the basis of the structure D, differing only by the additional doping of the Al 0.3 Ga 0.7 As cladding layers (needed to create a p-n junction), was used to fabricate a strip laser diode [23] . A 1 mm long and a 15 µm wide laser diode emitted light in the wavelength range of 1.1 µm with a threshold current density of 20 kA/cm 2 under electrical pumping (pulse duration of 0.36 µs and repetition rate of 1470 Hz) at room temperature ( Figure 7) .
the samples D (using the substrate # 1) and E (using the substrate # 2) were simultaneously grown in the reactor. These samples differed from the sample B by the active region-only one InGaAs QW with high in content of 0.4 and the thickness of 5 nm was grown at 600 °C. Such a heavily strained InGaAs QW had the thickness close to the critical one for pseudomorphic growth. An increase of the In fraction in the QW from 0.18 to 0.4 made it possible to obtain a PL signal with a sufficiently high intensity at a wavelengths longer than 1.1 μm (Figure 5 ). This indicates the possibility of creating a hybrid A3B5 QW-based laser on the exact Ge/Si substrate operating in the Si transparency window. Figure 5 shows the spectra of the stimulated emission of laser structures D and E, differing only by the thickness of Ge buffer layer under the optical excitation. Note that although samples D and E were grown in the same growth cycle, the stimulated emission wavelength of the sample with "thin" Ge layer was 1.123 μm while it was 1.11 μm for the sample with "thick" Ge layer. In spite of rather small difference between the PL intensities of the samples D and E, a significant (by a factor of 6) difference in the threshold power density was observed (see Figure 6 ). Indeed, the threshold power densities were 10 and 60 kW/cm 2 for the samples D and E, respectively [22] .
The structure F created on the basis of the structure D, differing only by the additional doping of the Al0.3Ga0.7As cladding layers (needed to create a p-n junction), was used to fabricate a strip laser diode [23] . A 1 mm long and a 15 μm wide laser diode emitted light in the wavelength range of 1.1 μm with a threshold current density of 20 kA/cm 2 under electrical pumping (pulse duration of 0.36 μs and repetition rate of 1470 Hz) at room temperature ( Figure 7 ). 
InGaAs/GaAs/AlGaAs Laser Structures Grown by MOCVD on the Exact and Offcut Ge/Si(001) Substrates
In almost all cases reported in literature, the growth of A3B5 laser structures was carried out on 4°-6° offcut Si(001) substrates in order to avoid the formation of the antiphase boundaries (APB) which occur in the case of deposition of the polar material on a nonpolar substrate [24] . However, the existing Si-based technology is developed for the nominal Si(001) substrates (with the offcut angle smaller than 0.5°) [4] , which complicates the employment of the offcut substrates. Therefore, usage of the exactly oriented Si(001) substrates is preferable for the integration of the active A3B5 elements with silicon microelectronics platform. 
In almost all cases reported in literature, the growth of A 3 B 5 laser structures was carried out on 4 • -6 • offcut Si(001) substrates in order to avoid the formation of the antiphase boundaries (APB) which occur in the case of deposition of the polar material on a nonpolar substrate [24] . However, the existing Si-based technology is developed for the nominal Si(001) substrates (with the offcut angle smaller than 0.5 • ) [4] , which complicates the employment of the offcut substrates. Therefore, usage of the exactly oriented Si(001) substrates is preferable for the integration of the active A 3 B 5 elements with silicon microelectronics platform.
In order to compare the radiative characteristics under optical pumping, the laser structures were grown both on the exact and 4 degrees offcut Si(001) substrates.
Growth of the laser heterostructures G and H was carried out on the exact ("virtual" substrate # 1) and the offcut ("virtual" substrate # 4) Ge/Si substrates, respectively, in the AIX 200RF MOCVD reactor at reduced pressure (100 mbar). The structures were grown using an AlAs/GaAs/AlAs nucleation layer which was described above.
After the AlAs/GaAs/AlAs nucleation layer, a GaAs layer with a thickness of 500 nm and a AlGaAs cladding layer were grown at a temperature of 720 • C. The layers surrounding the InGaAs QW layers were grown at 620 • C. The V/III ratio was 80. Thin (20 nm) AlGaAs layer was deposited on top of the structure to reduce the influence of surface recombination and further capped by a thin GaAs layer to prevent its oxidation. The detailed parameters of the laser structures are given in the Table 2 .
TEM studies have shown that in the sample G grown on the exact substrate, most of the defects are trapped between the AlAs layers and do not propagate further (Figure 8a) . As a result, subsequent layers and the active region with InGaAs QW contain a much lower concentration of structural defects (Figure 8b,c) .
At the same time, in the sample H which was grown on the offcut substrate, the AlAs/GaAs/AlAs nucleation layer prevents the formation of defects much weaker (Figure 9a ), and they propagate through the entire structure up to the surface (Figure 9b,c) . The substrate offcut led to the significant inhomogeneity of the AlAs second layer which further affected the optical properties of the structure. Figure 10 shows the stimulated emission spectra of structures G and H. It can be seen from the figure that, despite the fact that A 3 B 5 parts of the structures were grown simultaneously, the positions of the stimulated emission peaks are significantly different. This difference is probably due to the dependence of the in insertion in the InGaAs quantum well on the substrate offcut. Another reason is the inferior quality of the InGaAs QWs in the structure grown on the offcut substrate, as was shown by TEM.
In structure H, the wavelength of the stimulated emission is~1.11 µm while in the structure G this wavelength is greater than 1.13 µm. We note that in both cases, the emission wavelength lies in the transparency region of bulk silicon, which makes these light sources suitable for low-loss silicon waveguides. Figure 11 shows the dependences of the integral intensity of stimulated emission for the structures G and H on the excitation power density. The threshold power densities were calculated to bẽ 37 kW/cm 2 for the structure grown on the offcut substrate and~45 kW/cm 2 for the structure grown on the exact substrate. Although the threshold for the structure H was slightly lower than for the structure G, the emission intensity of the structure G was remarkably higher than that of the structure H above the threshold, which indicates higher quantum efficiency of the structure fabricated on the exact substrate, and, consequently, its higher crystalline quality. 
The Growth of Laser Heterostructures with InGaAs Quantum Wells Emitting at Wavelengths Longer Than 1.1 μm
For the growth of laser structures with strained InGaAs QWs and strain-compensating GaAsP layers, only the exact Ge/Si(001) virtual substrates with 1 μm thick Ge buffer were used. The laser structure formation began from the deposition of a buffer consisting of three periods of AlAs/GaAs (20/50 nm) to reduce the number of defects during the transition from Ge to GaAs. A thick (2 μm) GaAs buffer layer was then grown, containing 5 In0.15Ga0.85As/GaAs QWs with thickness of 10 nm each, which act as the dislocation filters. The Al0.3Ga0.7As layer with a thickness of 1 μm was deposited on such buffer and then the waveguide layer (250 nm of GaAs, the active region with InGaAs QWs with compensating GaAsP layers, and 350 nm of GaAs) and the capping layers (20 nm layer of Al0.3Ga0.7As to suppress the surface recombination and a 10 nm GaAs layer to prevent the structure oxidation) were deposited. In the series of laser structures, the In fraction in the InхGa1−хAs QWs (x = 0.38 ÷ 0.45) and the QWs width (6 ÷ 9 nm) were varied, as well as the 
For the growth of laser structures with strained InGaAs QWs and strain-compensating GaAsP layers, only the exact Ge/Si(001) virtual substrates with 1 μm thick Ge buffer were used. The laser structure formation began from the deposition of a buffer consisting of three periods of AlAs/GaAs (20/50 nm) to reduce the number of defects during the transition from Ge to GaAs. A thick (2 μm) GaAs buffer layer was then grown, containing 5 In0.15Ga0.85As/GaAs QWs with thickness of 10 nm each, which act as the dislocation filters. The Al0.3Ga0.7As layer with a thickness of 1 μm was deposited on such buffer and then the waveguide layer (250 nm of GaAs, the active region with InGaAs QWs with compensating GaAsP layers, and 350 nm of GaAs) and the capping layers (20 nm layer of Al0.3Ga0.7As to suppress the surface recombination and a 10 nm GaAs layer to prevent the structure oxidation) were deposited. In the series of laser structures, the In fraction in the InхGa1−хAs QWs (x = 0.38 ÷ 0.45) and the QWs width (6 ÷ 9 nm) were varied, as well as the Figure 11 . Dependencies of the integral intensity of stimulated emission in the structures G (1) and H (2).
The Growth of Laser Heterostructures with InGaAs Quantum Wells Emitting at Wavelengths Longer Than 1.1 µm
For the growth of laser structures with strained InGaAs QWs and strain-compensating GaAsP layers, only the exact Ge/Si(001) virtual substrates with 1 µm thick Ge buffer were used. The laser structure formation began from the deposition of a buffer consisting of three periods of AlAs/GaAs (20/50 nm) to reduce the number of defects during the transition from Ge to GaAs. A thick (2 µm) GaAs buffer layer was then grown, containing 5 In 0.15 Ga 0.85 As/GaAs QWs with thickness of 10 nm each, which act as the dislocation filters. The Al 0.3 Ga 0.7 As layer with a thickness of 1 µm was deposited on such buffer and then the waveguide layer (250 nm of GaAs, the active region with InGaAs QWs with compensating GaAsP layers, and 350 nm of GaAs) and the capping layers (20 nm layer of Al 0.3 Ga 0.7 As to suppress the surface recombination and a 10 nm GaAs layer to prevent the structure oxidation) were deposited. In the series of laser structures, the In fraction in the In x Ga 1−x As QWs (x = 0.38 ÷ 0.45) and the QWs width (6 ÷ 9 nm) were varied, as well as the parameters of the strain-compensating GaAs 1−y P y layers (P fraction y = 0.1 ÷ 0.15, thickness d = 10 ÷ 15 nm) which were located on both sides of the QW and separated from it by a GaAs spacer layers of 2-10 nm thick. The parameters of some of the studied samples are listed in Table 3 .
The active region of laser structures was grown at a lower temperature (530 ÷ 600 • C) to reduce the probability of strain relaxation. We note that the growth temperature is the most important parameter for the growth of QWs with thicknesses above the critical values. It is also necessary to take into account the strong effect of temperature on the composition of InGaAs and GaAsP. To obtain the high-quality GaAsP layers, additional studies were carried out aimed to determine the optimal growth temperatures of layers and the ratios of phosphine and arsine fluxes. Similar structures were also grown on GaAs substrates as references. Figure 12 shows the RT PL spectra for a series of samples under study. The strain relaxation in the QW was observed for a sample I which did not contain strain-compensating GaAsP layers, even for the minimum values of the In fraction in the InGaAs QW and the minimum width of the QW (x~0.39 and d~7.5 nm, respectively). The characteristic width of the PL spectra (spectra (1), (2) in Figure 12 ) is hundreds of nanometers, and the PL intensity is comparable for the samples grown on GaAs and Ge/Si substrates. At the same time, as the PL spectra of subsequent samples show, the "insertion" of GaAsP layers allows to sufficiently suppress the relaxation of elastic strain in the QW with a noticeably larger fraction of In and greater QW thickness. In this case, one can see a pronounced peak with a width of 25-30 nm in the PL spectra (spectra (3), (4) in Figure 12 ) against a broad weak background which indicates a partial relaxation of the elastic strain.
For the QW parameters range in which it was possible to form the strained InGaAs QW on GaAs and Ge/Si substrates, the emission wavelength for the samples grown on Ge/Si substrates was noticeably (by 40-70 nm) shorter than for their reference counterparts grown on GaAs. This was associated with worse In embedding into the InGaAs QW in the case of growth on Ge/Si substrates. As the prerequisites for this one can consider the differences in surface morphologies of the samples grown on GaAs and Ge/Si substrates. First, the virtual Ge/Si substrates were initially significantly more defective (threading dislocation densities of 10 7 ÷ 10 8 cm −2 [11] ) in comparison with GaAs substrates. Secondly, APBs appear during growth on Ge/Si substrates which lead to the formation of a developed surface with a roughness of at least several nanometers [20] . The high density of defects and the higher surface roughness can significantly affect the incorporation of in adatoms into the InGaAs QW.
Further, as the In fraction in the QW was increased, we observed the following. The proper selection of growth conditions made it possible to form nearly defect-free strained QWs with an In fraction up to x = 0.46 in the case of growth on GaAs substrates using the GaAsP strain-compensating layers. The fabricated samples demonstrated intense PL at the wavelengths of up to 1.22-1.24 µm with a characteristic peak width of 30-40 nm (spectrum (6) in Figure 12 ). Relaxation of the elastic strain via formation of misfit dislocations and subsequent strong degradation of the optical properties was observed for the similar parameters of QWs and strain-compensating layers in the case of growth on Ge/Si substrates. The maximum emission wavelength achieved using the Ge/Si substrates was 1.12-1.13 µm with a QW width of 8 nm and an In fraction of x = 0.4 (spectrum (4) in Figure 12 ). The faster onset of strain relaxation as compared with growth on GaAs substrates can be attributed to the much higher initial concentration of threading dislocations and the inevitable formation of the APBs.
Under conditions of strong pulsed pumping, a significant reduction of the QW emission linewidth and a typical threshold behavior were observed for a number of samples under study. This indicates the realization of the stimulated emission (SE) regime. For the structures grown on GaAs substrates, the longest wavelength of SE (1.24 µm) was obtained for the sample L ( Figure 13 ). The SE threshold was~1 kW/cm 2 at room temperature. This result is close to the record values obtained earlier for strained InGaAs QW [25] . In the case of growth on Ge/Si substrates the SE was observed at T = 77 K (Figure 14) . At the same time, the longest SE wavelength of only~1.1 µm (structure K) was reached and a threshold was nearly 60 kW/cm 2 . Such a high threshold is mainly associated with the partial strain relaxation in the QW region in the case of growth on Ge/Si substrates despite the usage of strain-compensating layers contrary to the nearly full suppression of strain relaxation in the case of growth on GaAs. substrates despite the usage of strain-compensating layers contrary to the nearly full suppression of strain relaxation in the case of growth on GaAs. Figure 12 . PL spectra of the structures I, J, K, L (see Table 3 ) with InGaAs/GaAs QWs grown on GaAs (1, 3, 6) and Ge/Si substrates (2, 4, 5, 7) . Oscillations in the PL spectra of structures grown on Ge/Si substrates are due to the interference effects. Figure 13 . Spectrum of stimulated emission of the structure with the strained In0.46Ga0.54As/GaAs QW grown on a GaAs substrate (1). For comparison, the spectrum of spontaneous emission is shown (not to scale) (2) . The pumping power densities are 5 kW/cm 2 and 5 W/cm 2 for (1) and (2), respectively. The measurement temperature is T = 300 K. Dependence of the integral emission intensity on the excitation power density is shown in the inset. Table 3 ) with InGaAs/GaAs QWs grown on GaAs (1, 3, 6) and Ge/Si substrates (2, 4, 5, 7). Oscillations in the PL spectra of structures grown on Ge/Si substrates are due to the interference effects. substrates despite the usage of strain-compensating layers contrary to the nearly full suppression of strain relaxation in the case of growth on GaAs. Figure 12 . PL spectra of the structures I, J, K, L (see Table 3 ) with InGaAs/GaAs QWs grown on GaAs (1, 3, 6) and Ge/Si substrates (2, 4, 5, 7) . Oscillations in the PL spectra of structures grown on Ge/Si substrates are due to the interference effects. Figure 13 . Spectrum of stimulated emission of the structure with the strained In0.46Ga0.54As/GaAs QW grown on a GaAs substrate (1) . For comparison, the spectrum of spontaneous emission is shown (not to scale) (2) . The pumping power densities are 5 kW/cm 2 and 5 W/cm 2 for (1) and (2), respectively. The measurement temperature is T = 300 K. Dependence of the integral emission intensity on the excitation power density is shown in the inset. Figure 14 . Spectrum of stimulated emission of the structure with the strained In0.43Ga0.57As/GaAs QW grown on a Ge/Si substrate (1). For comparison, the spectrum of spontaneous emission is shown (not to scale) (2) . The pumping power densities are 100 kW/cm 2 and 5 W/cm 2 for (1) and (2), respectively. The measurement temperature is T = 77 K. Dependence of the integral emission intensity on the excitation power density is shown in the inset.
Conclusions
In this paper we reported about the features of MOCVD growth of the GaAs/AlGaAs laser heterostructures with InGaAs QWs on the exact and 4° offcut Si(001) substrates with the Ge buffer layers of various thicknesses. Different growth regimes at the initial stages of A3B5 deposition were studied. It was demonstrated that the use of a buffer consisting of alternating layers of AlAs and GaAs leads to the significant decrease of the defect density in A3B5 laser structures grown on Ge/Si(001) substrates. In addition, it was shown that the decrease of Ge layer thickness from 1 μm to 0.3 μm leads to a degradation of the crystalline quality of the laser structure and hence to the significant increase of the stimulated emission threshold.
A significant difference in the properties of samples grown under identical conditions on GaAs and Ge/Si substrates was observed in the case of growth of structures with highly strained InGaAs/GaAs QWs and strain-compensating GaAsP layers. For such structures, there are differences in the critical thickness of dislocations formation and differences in the efficiency of In incorporation during QW growth, which complicate the achieving of long-wavelength (>1.1 μm) luminescence and stimulated emission in structures grown on Ge/Si substrates. In the structures formed on GaAs substrates, stimulated emission was observed at a wavelength of 1.24 μm under pulsed pumping conditions at room temperature. In the case of growth on Ge/Si substrates the stimulated emission was observed only at T = 77 K and at a much smaller wavelengths (~1.1 μm). InGaAs/GaAs/AlGaAs laser diodes with QWs grown by MOCVD on the exact Ge/Si(001) substrates were created. Such diodes has shown stimulated emission in the pulsed mode at room temperature in the spectral range of 0.99-1.11 μm and with a threshold current density in the range of 5.5-20 kA/cm 2 .
The conducted investigations have shown the possibility of creating the QW hybrid lasers on Ge/Si(001) substrates using the MOCVD technology. However, it should be noted that the characteristics of the obtained lasers are noticeably inferior as compared with lasers using the quantum dots as an active media which were grown on Si substrates by the MBE [6, 26, 27] and very recently by MOCVD [28] . Figure 14 . Spectrum of stimulated emission of the structure with the strained In 0.43 Ga 0.57 As/GaAs QW grown on a Ge/Si substrate (1). For comparison, the spectrum of spontaneous emission is shown (not to scale) (2) . The pumping power densities are 100 kW/cm 2 and 5 W/cm 2 for (1) and (2), respectively. The measurement temperature is T = 77 K. Dependence of the integral emission intensity on the excitation power density is shown in the inset.
In this paper we reported about the features of MOCVD growth of the GaAs/AlGaAs laser heterostructures with InGaAs QWs on the exact and 4 • offcut Si(001) substrates with the Ge buffer layers of various thicknesses. Different growth regimes at the initial stages of A 3 B 5 deposition were studied. It was demonstrated that the use of a buffer consisting of alternating layers of AlAs and GaAs leads to the significant decrease of the defect density in A 3 B 5 laser structures grown on Ge/Si(001) substrates. In addition, it was shown that the decrease of Ge layer thickness from 1 µm to 0.3 µm leads to a degradation of the crystalline quality of the laser structure and hence to the significant increase of the stimulated emission threshold.
A significant difference in the properties of samples grown under identical conditions on GaAs and Ge/Si substrates was observed in the case of growth of structures with highly strained InGaAs/GaAs QWs and strain-compensating GaAsP layers. For such structures, there are differences in the critical thickness of dislocations formation and differences in the efficiency of In incorporation during QW growth, which complicate the achieving of long-wavelength (>1.1 µm) luminescence and stimulated emission in structures grown on Ge/Si substrates. In the structures formed on GaAs substrates, stimulated emission was observed at a wavelength of 1.24 µm under pulsed pumping conditions at room temperature. In the case of growth on Ge/Si substrates the stimulated emission was observed only at T = 77 K and at a much smaller wavelengths (~1.1 µm). InGaAs/GaAs/AlGaAs laser diodes with QWs grown by MOCVD on the exact Ge/Si(001) substrates were created. Such diodes has shown stimulated emission in the pulsed mode at room temperature in the spectral range of 0.99-1.11 µm and with a threshold current density in the range of 5.5-20 kA/cm 2 .
The conducted investigations have shown the possibility of creating the QW hybrid lasers on Ge/Si(001) substrates using the MOCVD technology. However, it should be noted that the characteristics of the obtained lasers are noticeably inferior as compared with lasers using the quantum dots as an active media which were grown on Si substrates by the MBE [6, 26, 27] and very recently by MOCVD [28] .
